This study evaluates the nutritional potential of Sarcocornia ambigua as new a source of minerals. The mineral concentrations of two different growing populations (natural occurrence and irrigated) of S. ambigua were evaluated using inductively coupled plasma mass spectrometry. In all samples, the mineral present in highest amounts was potassium (K) (19-24 mg g ). In addition, in vitro bioacessibility assay demonstrated that very high fraction (65-80%) of these K and Mg (80 and 65%) of total concentration of these elements is bioacessible from S. ambigua analyzed. The trace elements vanadium (V), chromium (Cr), cobalt (Co), copper (Cu) and lithium (Li) have more than above 50% of total concentration was found bioaccessible. In all cases, mass balance was verified by carrying out the total digestion of the remaining residue and the relationship between total concentration and bioaccessibility. The data related to the concentrations and the bioaccessible fractions of the minerals provide a starting point for more complex and in-depth evaluations from the nutritional point of view, including the establishment of a recommended daily dietary intake for this plant.
Introduction
Sarcocornia ambigua is a plant that belongs to the family Amaranthaceae. These plants are halophytes (salt-tolerant) and grow in saline areas, usually near the coast and along the shores of salt lakes and marshes (Kadereit et al., 2006) . Salinity is emerging as a major constraint worldwide and halophytes provide a unique opportunity to study the mechanistic basis of the adaptation to a diverse saline ecological niche. Halophytes contain potential antioxidant systems and are known for quenching toxic reactive oxygen species produced under saline conditions (Mishra et al., 2015) .
In South America the perennial Salicornia ambigua occurs along the entire coast of Brazil and as far south as Mar del Plata in Argentina (Bertin et al., 2014) . In Brazil, new experimental crops of perennial Sarcocornia have been grown applying an irrigation system that uses saline effluent from shrimp farms (Bertin et al., 2014) .
The potential use of the aerial parts of Salicornia and Sarcocornia species as a vegetable source for human consumption is considered promising, given their high nutritional value in terms of natural minerals and trace elements, including magnesium (Mg), sodium (Na), potassium (K), calcium (Ca), manganese (Mn), iron (Fe), zinc (Zn) and chromium (Cr), dietary fiber and bioactive compounds (Bertin et al., 2014; Kim et al., 2011; Ventura et al., 2011) . Salicornia species have been introduced into the European market as a vegetable with leafless shoots resembling green asparagus and in Italy and France they have been used as an ingredient in vinegar. Also, in Korea they are consumed as a seasoned vegetable, salad and fermented food (Kim et al., 2011) . Recently, the dried and milled aerial part of Salicornia brachiate was patented (German patent DE60208082T2) and offered as a herbal salt, because it contains other mineral salts in high amounts in addition to sodium chloride (Buhmann and Papenbrock, 2013) .
Halophytes frequently encounter various environmental stress, and are regarded as the end product of cellular regulatory processes (Mishra et al., 2015) . Once metal contaminants enter the saline areas they become distributed in sediments, these plants are able to capture metals from the soil through their roots, where they accumulate and a small part translocation to the stems and leaves (Reboreda and Caçador, 2007) .
Information on the presence of mineral and trace elements in different species of the Salicornia and Sarcocornia mainly relates to their total concentrations, generally measured by flame atomic absorption spectrometry (Essaidi et al., 2013; Lu et al., 2010) , inductively coupled plasma-optical emission spectrometry (Parida and Jha, 2010) or inductively coupled plasma-mass spectrometry (ICP-MS) (Bertin et al., 2014) . However, the sole use of these techniques does not provide information regarding the fraction which is potentially bioaccessible, i.e., the percentage of the ingested amount of the element that can be absorbed during digestion and subsequently transformed into metabolically active species (Azenha and Vasconcelos, 2000) . Only a fraction of the mineral and trace elements present in the food matrix (which can be highly variable depending on the speciation of the elements, the behavior of organometallic species and complexes in the gastrointestinal tract, and interactions involving the food matrix) is bioaccessible and can be absorbed and utilized by the human body (Khouzam et al., 2011) .
Despite these limitations, several approaches have been developed to assess the bioaccessibility of essential micronutrients from different food constituents by mimicking the human digestive process (Pohl et al., 2012; Hur et al., 2011; Khouzam et al., 2011) , and most of them use in vitro methodologies developed as alternatives to in vivo studies. These methodologies are considered to be simple and of low cost, and the results are well correlated with those obtained from experiments involving humans and animal models (Hur et al., 2011) .
The bioaccessible fraction has been defined as the fraction of a mineral ingested with food that is released from its matrix into the gastrointestinal tract and has the potential to be absorbed by the intestine during digestion (He et al., 2010) . Recently, several studies have evaluated the bioaccessibility of mineral and trace elements in different food matrices, such as vegetables (Hu et al., 2013) , marine mollusks and sea food (Leufroy et al., 2012; He et al., 2010) , mushrooms (Bhatia et al., 2013) , edible plants (Zheng et al., 2013) , medicinal supplements (Tokalıo glu et al., 2014) and cheese, bread, fruit and vegetables (Khouzam et al., 2011) . Plants accumulate minerals according to their requirements although the mineral content can also be affected by genetic factors, the soil, the use of fertilizers and weather conditions (Santos et al., 2014) .
However, there are no data reported in the literature regarding the bioaccessibility of the mineral profile of S. ambigua. To the best of our knowledge, this is the first study specifically focused on the evaluation of the bioaccessible mineral content of S. ambigua using an in vitro digestion system. Thus, the aims of this study were (i) to determine the concentrations of minerals of nutritional interest in samples of S. ambigua collected at different locations ( Fig. 1) , (ii) to evaluate the bioaccessibility of minerals from samples of S. ambigua using an in vitro digestion system, and (iii) to evaluate to what extent the recommended daily allowances (RDAs) for the elements are met by the daily consumption of S. ambigua.
Materials and methods

Samples
Sampling of the plant material from two different populations of S. ambigua in the state of Santa Catarina (SC), Brazil, was conducted in October 2012. The material was collected from two regions; the first is located in a natural tidal aerea near the coast of Palhoça ( The plant samples stored in coolers at 5 C and transported to the Laboratory of Food Chemistry within a maximum of 2 h after collection. The samples were dried at 65 C for 12 h (dry sample-DS) and were stored at a temperature of À20 AE 0.2 C until use. The material was botanically identified at the Department of Botany of the Regional University of Blumenau. A voucher specimen was deposited in the Dr. Roberto Miguel Klein Herbarium at the Regional University of Blumenau (n 41346). Two certified reference materials: apple leaves (SRM 1515) and pine needles (SRM 1575) from NIST (National Institute of Standards and Technology, Gaithersburg, USA) were analyzed in order to check the accuracy of the method.
Chemicals and reagents
Hydrochloric acid and 30% H 2 O 2 were purchased from SigmaAldrich (Saint Louis, MO, USA) and sodium bicarbonate was obtained from Vetec (Rio de Janeiro, RJ, Brazil). Concentrated nitric acid (65% m/m) was purchased from Merck (Darmstadt, Germany) and purified by double sub-boiling distillation in a quartz still (Kürner Analysentechnik, Rosenheim, Germany). A standard multielement ICP III solution purchased from PerkinElmer (Shelton CT, USA) and Rh and Ca stock solutions supplied by Sigma-Aldrich (Buchs, St. Gallen, Switzerland) were used. Argon gas with a purity of 99.996%, acetylene and nitrous oxide were purchased from White Martins (Sao Paulo, SP, Brazil). The digestive enzymes and biological fluids were purchased from Sigma-Aldrich (Saint Louis, MO, USA). All reagents were of analytical grade unless otherwise specified. Deionized water with a resistivity of 18.2 M'V cm was obtained from a Milli-Q Plus system (Millipore, Bedford, USA).
Instrumentation
Elemental analysis was carried out using an inductively coupled plasma mass spectrometer (ICP-MS), PerkinElmer SCIEX, model ELAN 6000 (Thornhill, Toronto, Canada) coupled to a cross-flow nebulizer and a Scott spray chamber. The operating parameters of the ICP-MS instrument are summarized in Table 1 . The isotopes monitored were 39K (potassium), 43Ca (calcium), 24Mg (magnesium), 7Li (litium), 27Al (aluminum), 51V (vanadium) 52Cr (chromium), 55Mn (mangase), 59Co (cobalt), 63Cu (copper), 66Zn (zinc), 82Se (selenium), 208Pb (l and 61Ni (nickel).
Due to the incidence of spectroscopic interferences from Ar over the isotopes of Ca for its determination by ICP-MS. Calcium determination was performed using a high-resolution continuum source atomic absorption spectrometer (HR-CS AAS) ContrAA 700 (Analytik Jena AG, Jena, Germany). A nitrous oxide-acetylene flame was used and the measurements were carried out considering the main resonance line at 422.673 nm for Ca.
Sample preparation
The aerial parts (leaf and steam) of the plants to be studied were washed with deionized water. The samples were dried at 65 C for 12 h (dry sample-DS) and were stored at a temperature of À20 AE 0.2 C until use. Prior to analysis, the samples were ground in liquid nitrogen with a degree of aid and pistil. Determination of mineral content by ICP-MS.
Prior to the determination of the total element concentrations a complete destruction of the matrix of homogenized samples was required. To achieve this, the samples (0.5 g of DS) were digested using a microwave oven (MLS-1200; Milestone, Sorisole, Italy), with 6 mL HNO 3 (65% m/m) and 1 mL H 2 O 2 applying power varying between 250 and 600 W for 25 min in closed PFA vessels.
The digested samples were diluted appropriately with deionized water. Rhodium (10 mg L
À1
) was used as the internal standard for all determinations. External calibration was carried out using aqueous solutions prepared from a multi-element stock standard solution containing all analytes. In order to avoid accuracy problems due to polyatomic ion interference, the determination of Ca was performed using flame atomic absorption spectrometry, following external calibration against aqueous standards.
The accuracy of the method was evaluated using two certified reference materials (CRMs): apple leaves (SRM 1515) and pine needles (SRM 1575) of the NIST (National Institute of Standards and Technology, Gaithersburg, USA). Each certified material was digested following the same protocol adopted for S. ambigua and analyzed in triplicate.
Determination of in vitro mineral bioaccessibility after in vitro gastrointestinal digestion
The evaluation of the bioaccessibility of minerals was carried out using an in vitro gastrointestinal digestion system, as previously described by Nascimento (2011) and by the United States Pharmacopeia (USP) (US Pharmacopeia XXIV and National Formulary, 2000) , with some adaptations in order to avoid the interference of some components such as potassium, in the determination of the elements of interest. The protocol used was applied in two sequential phases: gastric and intestinal digestion.
Preparation of gastric and intestinal solutions
The simulated gastric solution was prepared by dissolving 0.32 g of pepsin with 0.7 mL of 12 mol L À1 HCl, followed by the addition of deionized water up to a final volume of 100 mL. Afterwards, the pH was adjusted to 1.2 by adding an adequate volume of a 0.1 mol L À1 HCl solution. Since pepsin activity can decrease over time, a solution was freshly prepared before each experiment (US Pharmacopeia XXIV and National Formulary, 2000) . The preparation of the simulated intestinal solution involved the solubilization of 0.2 g of bile salts (0.08 g of glycodeoxycholate, 0.05 g of taurodeoxycholate and 0.08 g of taurocholate) and 0.5 g of pancreatin in 7.7 mL of 0.2 mol L À1 NaOH; the volume of the solution was adjusted to 100 mL with deionized water. The pH was adjusted to 6.8 by adding the appropriate volume of a 3% (m/v) NaHCO 3 solution.
Gastrointestinal digestion
A portion of 0.2 g of the aerial part of both samples (DS) was placed into a polyethylene tube (50 mL) with 3 mL of the gastric solution (pH 1.2). Initially, the mixture was shaken vigorously for 1-2 min for degassing. The mixtures were then kept in a thermostatic water bath for 2 h at 37 C (Fisatom 1 550, São Paulo, SP, Brazil) and shaken periodically. This same procedure was also applied to the CRM. Each assay was performed in triplicate.
Intestinal digestion
In order to simulate the intestinal digestion, the pH of the solution obtained from gastric digestion was adjusted to 6.8 AE 0.05 by dropwise addition of 3% (m/v) NaHCO 3 solution. Next, 3 mL of intestinal solution was added and the mixture was shaken for 1-2 min and incubated in a thermostatic water bath for 2 h at 37 C, and shaken periodically. At the end of the incubation period, the mixtures were centrifuged at 3000 Â g for 30 min using a Fanem 1 centrifuge, model 280R (Fanem, Sao Paulo, SP, Brazil) and the filtrated supernatants were analyzed to determine the elemental concentrations using ICP-MS.
Digestion of residues
In order to check the mass balance, the sample residues were collected and submitted to microwave-assisted digestion as described in Section 2.5.
Calculation of bioaccessibility (%)
The percentage (%) of bioaccessibility was defined as the fraction (concentration) of the element released in the simulated digestion process compared to the total amount (concentration) of the element, and the value was calculated according to the formula (Leufroy et al., 2012) :
Procedural blanks were run in parallel and the concentrations of minerals expressed as mg g À1 of the dry material.
Statistical analysis
All variables were reported as mean AE standard deviation (SD) of three replicates. The differences between the mineral contents of the samples were tested by one-way analysis of variance (ANOVA) followed by the t-test to evaluate the relationship between the variables. The analysis was performed using the software Statistica 7.0 (Statsoft Inc., Tulsa, OK, USA) and differences among means at the 5% level (p < 0.05) were considered statistically significant.
Results and discussion
Multielemental analysis
Firstly, a semiquantitative analysis was performed in order to evaluate the minerals present in the plant samples. The elements potassium (K), calcium (Ca), magnesium (Mg), lithium (Li), aluminum (Al), vanadium (V), chromium (Cr), manganese (Mn), cobalt (Co), copper (Cu), zinc (Zn), selenium (Se), lead (Pb) and nickel (Ni) were detected. The concentrations of these elements were then quantitatively measured.
The calibration curve was linear within the range 2.0-800 mg L À1 with a satisfactory coefficient of determination (r ! 0.9999).
The limits of detection (LOD) (calculated as 3s/a, where 'a' is the slope of the calibration curve and 's' is the standard deviation of 10 consecutive measurements of the blank solution) were between 0.001 and 10 mg g
À1
. The precision, expressed as the relative standard deviation (RSD) of 3 repeated measurements of a multielement standard solution, was within 0.8 to 9.0%.
In order to verify the accuracy of the measurements, two botanical CRMs (SRM 1515 and 1575) were analyzed using the same procedure adopted for the 'real' samples. Table 2 shows the concentrations obtained for the bioaccessible fraction, mass balance, residue and recovery values for total K, Ca, Mg, Li, Al, V, Cr, Mn, Co, Cu, Zn, Se, Pb and Ni in these CRMs.
The quality of the measurements was additionally verified by checking the mass balance, which was carried out by analyzing the residue and comparing the sum of the concentrations measured in the supernatant that resulted from the gastrointestinal digestion process and in the residue with the total concentration in the samples. Good recovery values, ranging from 67 to 121%, were obtained for all minerals, verifying the accuracy of the procedure.
Determination of total concentrations and bioaccessible fractions (BF %) of minerals in S. ambigua samples
The total concentrations for 14 elements in the S. ambigua samples are presented in Table 3 . The results revealed that there were significant differences (p < 0.05) with wide variability between samples A and B. In all samples, the mineral present in highest amounts in the gastro-intestinal solutions was K, followed by Mn and then Ca. These results are similar to those reported Rhee et al. (2009 ),Lu et al. (2010 , Paridae and Jha (2010) and Ventura et al. (2011) , who found that the mineral with the highest concentration in Salicornia herbacea, Salicornia bigelovii, Salicornia persica, and Sarcocornia fructicosa was sodium, followed by potassium, magnesium and then calcium. (Ventura et al., 2011) . . In summary, the variation in the mineral content of the S. ambigua samples expected, since the plant by accumulation of organic solutes and mineral ions may vary according to the geographic location, crop system, irrigation water salinity, maturity and harvest conditions (Grieve et al., 2001; Maggio et al., 2011) . The authors suggest that the variations in the mineral content observed in the present study for may be attributed to the origin of the plant material. The sample collected from Region A was growing in a natural tidal area close to the coast with high salt concentrations in the soil while the sample collected from Region B was growing in an experimental crop irrigated once a day with a seawater and fertilized with sludge collected from settling tanks at a shrimp Litopennaeus vannamei farm.
Concerning the micro elements (shown in
Furthermore, according to Williams et al. (1994) , Grieve et al. (2001) and Maggio et al. (2011) variations in the distribution of mineral and trace elements within plants reflect differences in the mineral ion uptake routes, the translocation processes within the plant and the bioavailability and speciation of minerals within the soil matrix. The form of the minerals and trace elements is dependent on a number of varied but inter-related parameters which can determine their mobility and consequently their bioavailability.
The results obtained for the determination of bioaccessible fractions (BFs%) in relation to the total elemental concentrations in S. ambigua samples are summarized in Table 3 . The BF of the 14 elements ranged from 3 to 84%. For all samples the highest BF value was observed for Co, followed by V, K, Li, Mg, Cr and Zn. The BF of Co and V varied from 84 (sample A) to 50% (sample B) and 82 (sample A) to 66% (sample B), respectively, and the values obtained for K, Li, Mg and Cr were similar, ranging from 80 to 73%, 75 to 74%, 65 to 66% and 62 to 56% for samples A and B, respectively.
The lowest values for the BF were observed for Al, Pb and Ni, where the concentration values obtained from the bioaccessibility assays were found to be below the LOD. For Ca, the BF represented 3.0%.
The bioaccessible fraction is the portion of the ingested nutrient that is available for utilization in normal physiological functions and for storage. Factors that influence this availability include the chemical specie of the nutrient, its release from the food matrix, its interactions with other food components, the presence of suppressor and other cofactors and the formation of stable compounds that are slowly metabolized (Parada and Aguilera, 2007) . Table 3 Total concentrations, in mg g À1 (except where noted), and the bioaccessible fractions (BF %) of minerals of S. ambigua samples (n = 3; t-student applied for 95% confidence level; t = 4.30 for the group of results).
Element
Region As can be noted from the data in Table 3 , the bioaccessibility percentages of the minerals varied significantly for the samples studied. This could be due to the specific composition of each S. ambigua samples in terms of, for instance, the quantity and quality of proteins and the presence of compounds such as fibers, polyphenols and phytates, which can inhibit the bioaccessibility of mineral, as well as the chemical form of the elements and nutrient interactions (Hunt, 2003; Vitali et al., 2008) .
Bioaccessible fractions of minerals in S. ambigua samples and their contribution to RDAs
When reviewing the results in terms of the amounts of bioaccessible minerals (Table 4) , the most abundant mineral in the samples investigated was K, with concentrations ranging from 19.0 mg g À1 to 14.0 mg g
À1
, followed by Mg and Ca, with corresponding bioaccessible mineral fractions ranging from 56.0 to 94.0 mg g À1 and 0.09 to 0.1 mg g
, respectively. For both samples and for all minerals the bioaccessible fraction was lower than the total mineral content (as shown in Table 4 ), and in the case of Al, Pb and Ni the BFs were below the limits of detection of the applied method. This is a good example of the importance of determining the amount of soluble mineral fraction because, in some cases, the total mineral content does not reflect the amount that is available for intestinal absorption.
According to Sandberg (2002) , the fiber and phytates present in some legumes and vegetables form insoluble complexes with positively charged proteins and cations of Ca, Cu, Mg, Zn at intestinal pH and, as a consequence, the bioaccessibility of these elements can be reduced.
Essential trace elements are nutrients present in extremely low quantities but which are needed in the diet in order to maintain the proper functioning of the human metabolism (Rasdi et al., 2013) . However, high concentrations of these elements, i.e., concentrations that exceed those required to trigger their biological functions in living organisms, are known to be harmful and to exert toxic effects. Excess metallic trace elements can be readily accumulated in the human body and lead to damage in several biological tissues, including those of the nervous, immune and endocrine systems, among others (Rusyniak et al., 2010; Zhou et al., 2014) . Therefore, the appropriate intake of mineral and trace elements is an important aspect of a healthy diet.
Several safe baseline levels of minerals for human consumption have been established by the U.S. Food and Nutrition Board of the Institute of Medicine by setting Dietary Reference Intakes (DRIs) (IOM, 2001) , which include the Recommended Dietary Allowances (RDAs), the Estimated Average Requirement (EAR), the Adequate Intake (AI) values, and the Tolerable Upper Intake Levels (ULs) for essential trace elements. If insufficient scientific evidence is available to establish an RDA value, the AI value is used as a nutrient intake target for individuals (Le sniewicz et al., 2006 ; Zheng et al., 2013) . Both the United States and Canada currently use the DRI system, which is aimed at the general public and healthrelated professionals (Zhou et al., 2014) .
Considering the results obtained for the bioaccessibility of the elements, the contribution of S. ambigua intake to the RDAs of K, Ca, Mg, Cr, Mn, Cu, Z and Se for adults was calculated and the results are also shown in Table 4 . It appears that the ingestion of 2 g of S. ambigua (herbal salt) provides only a small part of the RDAs for K (0.6-0.8% out of 4700 mg of K per day), Ca (0.01-0.02% out of 1000 mg of Ca per day) and Zn (0.15-0.33% out of 11 mg of Zn per day). The intake of Mg, Mn and Cu with the ingestion of 2 g of S. ambigua appears to be higher, i.e., 2.7-4.5%, 0.4-1.8% and 0.6-1.8% of the RDA values, respectively. Chromium can be regarded as an exceptional case, since the ingestion of 2 g of S. ambigua can supply the human body with up to 6% of the RDA for this element.
RDA values are not available for Li, Al, V, Pb and Ni, and thus potential adverse effects resulting from a high intake of S. ambigua cannot be ruled out. In the case of V, the bioaccessible fraction does not exceed the UL value (1 mg/day). For the other elements, UL values have not been established.
Conclusions
With regard to the RDA values for the minerals studied, it is likely that the ingestion of 2 g of S. ambigua (herbal salt) per day would not cause adverse health effects, since bioaccessibility studies suggest that the RDA values are not exceed for any of the elements.
In summary, this is the first time that the bioaccessibility of minerals in samples of S. ambigua has been examined using an in vitro digestion model. The data relating total concentrations to the bioaccessible fractions of minerals present in S. ambigua samples provide a starting point for more complex and in-depth studies from the nutritional point of view, in order to establish recommendations for the daily dietary intake of this plant. Some minerals, only a small fraction of the total quantity present in S. ambigua samples is potentially bioaccessible, and the geographical location in which S. ambigua grows and the crop system used affect the mineral composition of the plant. Table 4 Bioaccessible fractions of minerals, in mg g À1 (except where noted), and the coverage of Recommended Dietary Allowances-RDAs (in %) related to the daily consumption of 2 g of dried and milled S. ambigua samples (herbal salt) (n = 3; tstudent applied for 95% confidence level; t = 4.30 for the group of results). ).
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